Multi-protein complexes are necessary for nearly all cellular processes, and understanding their 2 structure is required for elucidating their function. Current high-resolution strategies in structural 3 biology are effective, but lag behind other fields (e.g. genomics and proteomics) due to their 4 reliance on purified samples rather than characterizing heterogeneous mixtures. Here, we present 5 a method combining single particle analysis by electron microscopy with protein identification by 6 mass spectrometry to structurally characterize macromolecular complexes from extracts of 7 human cells. We obtain three-dimensional structures of native proteasomes directly from ab initio 8 classification of a heterogeneous mixture of protein complexes. In addition, we find an ~1 MDa 9 size structure of unknown composition and reference our proteomics data to suggest possible 10 identities. Our study shows the power of using a shotgun approach to electron microscopy 11 (shotgun EM) when coupled with mass spectrometry as a tool to uncover the structures of 12 macromolecular machines in parallel. 13 14 15 16 17 18 19 20 21 22 23 24 25 4 classification, allows users to sift through conformationally heterogeneous samples to define 51 structurally homogenous classes (Scheres, 2012). Furthermore, 3D reconstructions can now be 52 done ab initio (without an initial model) by a computationally unsupervised approach using 53 cryoSPARC (Punjani et al., 2017). These strategies potentially allow for analysis of 54 heterogeneous mixtures, although this aspect has not been explored extensively.
Introduction

26
Protein complexes play an integral role in all cellular processes. Understanding the structural 27 architecture of these complexes allows direct investigation of how proteins interact within 28 macromolecular machines and perform their function. In an effort to understand why proteins form 7 Template picking from 1,250 micrographs of our sample resulted in a final set of 31,731 124 particles after filtering out ~67% of particles as junk particles (see Methods). To assess the quality 125 of automated template picking, we additionally manually selected 35,381 particles for alignment 126 and classification. A comparison of the reference-free 2D class averages of both manually and 127 template picked data sets yielded similar results ( Figure S2 ), and both data sets were used for 128 independent downstream processing. 2D class averages yielded distinct class averages with 129 various morphologies and features. Remarkably, many well-defined classes emerged from this 130 heterogeneous mixture of complexes ( Figure 3B ).
131
Given the success of 2D classification at separating particles into distinct classes, we then 132 proceeded to 3D structure determination using RELION (Scheres, 2012) to generate 133 reconstructions of 30 classes. RELION was developed to group 2D projections of 134 conformationally variable particles into internally consistent groups. Here, we asked if RELION 135 could also classify projections from distinct complexes in a heterogeneous mixture, essentially 136 using RELION to cluster the 2D particles into internally consistent (low error) reconstructions. The 137 30 3D reconstructions generated all contained various degrees of structural details ranging from 138 distinct barrel shapes to more globular shapes ( Figure S2 ).
139
To test the internal consistency of 3D reconstructions we determined the distribution of 140 calculated error within the models and ranked each reconstruction based on a rotational-141 translational error score (see Methods). The error score distribution was then compared to the 142 rotational-translational error scores of models built from random particles in the data set to 143 evaluate our ability to classify related particles belonging to a particular model and demonstrates 144 our 3D reconstructions have substantially less error than random reconstructions ( Figure 3C ).
145
We then performed cross-correlations between our top 3 models and several complexes 146 with known structure from our list of high-abundance complexes to determine if we could link our 147 structural models with complex identity ( Figure S3 ) (see Methods). The 20S proteasome emerges 8 as a clear match when compared to our highest scoring model with a cross-correlation score of 149 0.87. We were also able to distinguish a single-capped proteasome which matched to our third 150 highest scoring model with a cross-correlation score of 0.81. Interestingly, our second highest 151 scoring model was not readily recognizable and none of the known structures emerged as a clear 152 match after cross-correlation. Based on the high-abundance 2D class averages and large volume 153 of the unknown complex, we filtered our proteomics data to search for possible identities. Our 154 search suggests the unknown complex is likely a variant of a mitochondrial ribosome, 155 spliceosome or DNA-repair complex, but given the current resolution, the results are inconclusive.
156
These experiments suggest it is possible to solve multiple structures from cell lysate in a parallel 157 manner, even in the absence of matching starting models.
159
Quantification and ab initio reconstruction of the proteasome
160
To determine our ability to further characterize complexes identified in a complex mixture, we 161 investigated our sample specifically in the context of the proteasome, which allowed us to 162 evaluate the success of reconstructions without an initial model. Our goals were to: (1) investigate 163 if ab initio reconstructions would reveal clear proteasome structures, (2) determine the ratio of the 164 20S core and single-capped proteasomes using our single particle data, and (3) compare single 165 particle counting of the proteasome to label-free MS quantification.
166
Class averages of the 20S core and single-capped proteasomes were clearly identified as 167 barrel-shaped particles and barrels with large rectangular caps, respectively ( Figure 4A ). Based 168 on identifying the proteasome with notably distinct 2D class averages, as well as RELION-based 169 3D classification producing two identifiable proteasome models, we asked if ab initio 170 reconstructions were capable of correctly recovering proteasome structures. We therefore 171 attempted a completely unsupervised approach for 3D classification using cryoSPARC (Punjani 172 et al., 2017) . cryoSPARC was developed for determining multiple 3D structures of a protein 9 without prior structural knowledge or the assumption that the ensemble of conformations 174 resembled each other, but in this context, we evaluated its ability to classify 2D particles of distinct 175 complexes in a mixture. Remarkably, a 3D reconstruction of the 20S core was generated using 176 ab initio reconstruction in cryoSPARC with either 5, 10, or 15 classes ( Figure S4 ).
177
From the structures generated with 10 classes, a distinct 3D reconstruction of the 20S 178 core showing a clear barrel with a central channel, and some separation of co-axial rings was 179 produced ( Figure 4B ). This 20S core reconstruction contains 3,150 particles with an estimated 180 resolution of 20.4 Å using the 0.143 Fourier shell correlation (FSC) criterion ( Figure S4 ). Our 3D 181 map is consistent with a recent high-resolution structure of the 20S core (EMD-2981) (da Fonseca 182 and Morris, 2015) with a cross-correlation score of 0.94.
183
We were unable to distinguish a 3D structure of the single-capped proteasome from 184 cryoSPARC. However, going back to our single-capped proteasome from 3D classification using 185 RELION, we were able to dock in a high-resolution structure determined previously (EMD-4002)
186
(Schweitzer et al., 2016) ( Figure 4B ). The high-resolution structure can be unambiguously docked 187 into our EM density (cross-correlation score of 0.76) albeit with less agreement given the low 188 number of particles in the model (1,121 particles). Using RELION to refine the structure of our 189 single-capped proteasome, we achieved a nominal resolution of 31 Å ( Figure S4 ).
190
We then quantified the ratio of 20S core to single-capped proteasome particles by directly 191 counting individual particles from our EM data of fractionated cell lysate. Revisiting our 2D 192 classification, we compared the number of particles aligned in the side view of the 20S core and 193 single-capped proteasome ( Figure 4A ). The ratio of 20S core to single-capped proteasome 194 particles in our sample was calculated to be 3:2, or 1 bound 19S regulatory particles for every 2.5 195 20S core particles in our sample by EM. This is consistent with our MS data which suggests the 196 ratio of 19S regulatory particles to 20S core particles is 4:7 (approximately one regulatory particle 197 for every two cores ) ( Figure 4C ). Collectively, our study suggests it is not only possible to solve 10 structures of protein complexes from cell lysate ab initio, but also quantify the stoichiometry of 
211
A recent study showed that higher-order assemblies from a eukaryotic thermophile could 212 be separated chromatographically, identified by MS and visualized through cryo-electron 213 microscopy to obtain a high resolution structure (Kastritis et al., 2017) . The authors performed 214 cryo-EM on particles from a complex mixture to solve a 4.7 Å resolution structure of fatty acid 215 synthase from cell lysate separated by molecular size after a 50% enrichment for fatty acid 216 synthase. In our study using human cells, which have a canonical proteome approximately 3 times 217 larger than C. thermophilum, we are able to obtain structural information from a complex mixture, 218 suggesting that sample heterogeneity is a surmountable problem.
219
By classifying heterogeneous particles from a cellular fraction, we show that structural 220 studies on heterogeneous mixtures are possible but several key barriers remain, with the main 221 challenge being to correctly assign different orientations of the same complex in large data sets 222 of heterogeneous mixtures. While currently we cannot identify each class average or 3D structure 11 obtained in this study, we are able to distinguish different structural states of the proteasome using 224 current ab initio methods suggesting that shotgun EM is a promising tool to characterize the 225 heterogeneity of protein complex forms. Our unidentified top scoring model was not readily 226 recognizable and had no apparent match from model fitting. It is possible our model has been 227 structurally annotated previously but was not covered in our search. Alternatively, it is possible 228 our model remains unidentified because it is structurally novel. In future experiments, a 229 comprehensive list of solved structures coupled with optimal volume alignment and cross-230 correlation can be used to identify likely matches to models generated using shotgun EM.
231
One challenge when dealing with protein complexes is defining their precise subunits. MS
232
does not indicate which complex a protein belonging to multiple complexes was identified from.
233
Many of these related complexes and sub-complexes have yet to be structurally or biochemically 234 characterized. Our hierarchical network strategy allows us to make an initial estimate on which 235 form of a complex might be in our EM data. Using shotgun EM, we aim to validate these 236 uncharacterized and other less characterized forms of complexes that may be more amenable to 237 our separation scheme.
238
A key proof of concept in this study was the proteasome, which is a structurally distinct 239 complex and serves a crucial role in protein degradation in eukaryotic cells (Finley, 2009 ). The 240 native stoichiometry of the proteasome has been studied in different ways by multiple groups 241 (Asano et al., 2015; Havugimana et al., 2012) . Our template-picked counting of single proteasome 242 particles has an advantage over MS approaches by identifying which form of a complex an 243 identified protein belongs to. While our MS and EM quantification were consistent showing an 244 approximate ratio of 20S core to 19S regulatory particles of 2:1, a separate study using corrected 245 spectral counts suggests the ratio is closer to 4:1 (Havugimana et al., 2012) . To reconcile these 246 two observations, more chromatographic fractions containing the proteasome would need to be 247 quantified by EM and MS to see if there is agreement. As more protein complexes become 12 structurally annotated, shotgun EM can be used as an auxiliary method for quantifying the 249 abundances of native complexes, as well as their stoichiometry.
250
After ab initio 3D classification, we obtained a reasonable reconstruction of the 20S core 251 in cryoSPARC from 3,150 particles. Although only half of these particles are accounted for from 252 2D class averaging of all particles, it is likely that the discrepancy results from proteasome 253 particles that are misclassified or exist in different, less-populated orientations in our 2D class 254 averages. Alternatively, because the number of models we could reconstruct in 3D was limited 255 by the small populations of each complex we had in our micrographs, it is possible that non-256 proteasome particles were grouped into our 3D class of the proteasome. These misclassified 257 particles would have a small contribution to the overall likelihood of the 3D map as it is 258 reconstructed (Punjani et al., 2017) . One method to separate misclassified particles would be to 259 do iterative rounds of 3D classification.
260
In this study, we used a 60S ribosome class average as a template for auto-picking due 261 to its large molecular weight and round shape. Interestingly, none of the resulting averages 262 resembled the 60S, providing evidence that we were not biasing the results from template picking 263 and subsequent data analysis. A similar concern for model bias exists when using RELION to 264 generate 3D models. Despite this, none of the 3D classes are visually identical to the reference 265 3D model, with most EMD structures selected from our MS data outscoring the reference model 266 by cross-correlation score when compared to our top 3 RELION models. In future experiments, 267 more sophisticated template matching, deep learning algorithms, or ab initio methods can be 268 introduced to improve particle identification and model building (Punjani et al., 2017; Rickgauer 269 et al., 2017; Wang et al., 2016) .
270
This study represents a foray into structural proteomics using electron microscopy,
271
suggesting that parallel structural determination of protein complexes shows promise for 272 alleviating bottlenecks in structural biology. In the interim before high-resolution data is collected, 13 it is possible to search for structurally uncharacterized complexes through the addition of protein 274 tags (Flemming et al., 2010) to identify complexes in a heterogeneous mix without the need to 275 purify the sample. One could also utilize integrative structural biology approaches to have a 276 predicted model with which to search for structures in cell extract. We envision using cryo-electron 277 microscopy for this pipeline to solve sub-nanometer resolution structures, where homology 278 models and known structures can be more clearly compared.
279
Shotgun EM will accelerate the pace at which structural information is generated, and 280 allow us to better understand the structure-function relationship of proteins. Optimization of this 281 technique has the potential to address questions about many macromolecular machines across 282 different cell types, disease states, and species. We propose that investigating the collective 283 protein complexes in a cell, or the 'complexome', using shotgun cryo-EM will help inform us 
